Myocardial capillary endothelial cells, arteriolar endothelial cells, and the arterial adventitia show positive alkaline phosphatase (AP) enzyme reaction and immunoreactivity in both rat and human heatts. In guinea pigs, however, capillary endothelial staining is discontinuous and arterial adventitia is negative. The ultrastructural correlate of discontinuous capillary staining is a pronounced labeling of pericytes in guinea pig heart and relatively weak endothelial staining. In rat and human heart, enzyme reaction products are localized mainly on plasma membranes and cytotic vesicles of endothelial cells.
Introduction
Even in early enzyme histochemical studies alkaline phosphatase (AP) was recognized as an endothelial marker enzyme (1,2). Sussman et al. (3) first suggested the existence of organ-specific antigenic forms of AP in humans, later confirmed by proteolytic peptide mapping (4). cDNA isolation and characterization finally revealed that four major human ALP isoforms, i.e., placental, germ cell, intestinal, and liver-bone-kidney or tissue nonspecific AP, are encoded by four different genes (5-8). The AP in capillary endothelium was identified as bone-liver-kidney isoenzyme (9).
In rodents, only two types of AP are detectable, i.e., a liver type and an intestinal type (10). The rat liver isoenzyme is also present in rat placenta. Both the amino acid sequence of the enzyme protein and the DNA sequence of the encoding gene show a high degree of homology with the human liver-bone-kidney isoenzyme Radiobiological studies on late effects of radiation in the myocardium indicate that loss of AP plays a key role in the development of radiation-induced cardiomyopathy (13) . Despite the wealth of biochemical knowledge, however, very little is known about the physiological role of endothelial AP in the myocardium. From biochemical studies it is known that APs are phosphatidylinositolglycananchored membrane glycoproteins (14.15). However, morphological analysis of the precise cellular localization of the enzyme could provide important information on its possible physiological role. Therefore, we undertook quantitative analyses of the distribution of AP protein in various tissue compartments of the myocardium of dlfferent species. Since conventional enzyme histochemical methods are limited in precision of localization and specificity, we used a specific antibody to localize the enzyme protein. The antibody was raised against rat liver AP (11) and partly crossreacts with human liver AP, but not with human placenta or intestinal AP.
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Materials and Methods
The experiments were performed in adult, untreated Wistar rats. For comparison, Sprague-Dawley rats and guinea pigs were induded. Human cardiac biopsy specimens were obtained during heart transplantation because of terminal heart failure. Patients had heart failure NYHA Class IV on the basis of clinical symptoms and signs as judged by the attending cardiologist shortly before operation. The underlying disease was dilated cardiomyopathy in all reported cases. Patients gave written informed consent before surgery. Medical therapy consisted of diuretics, nitrates, angiotensinconverting enzyme (ACE) inhibitors, and cardiac glycosides. Patients receiving catecholamines or P-adrenoceptor antagonists were withdrawn from the study. In addition, one normal heart from a prospective donor (male, 16 years old) was included. The heart could not be transplanted for technical reasons. Although we are aware of the possibility of an alteration of endothelial AP expression in the course of cardiomyopathy, it was judged important to investigate the distribution of enzyme activity in comparison with experimental animals.
LM studies included 14 human heart samples (including the normal heart), 10 Wistar and Sprague-Dawley rats each, and three guinea pigs. EM studies were limited to five Wistar and two Sprague-Dawley rats, one guinea pig, and three human hearts.
Light Microscopy
Whereas biopsies of explanted human heart tissues were fixed by immersion of 0.8-mm thick slices or l-mm3 tissue blocks, optimal tissue and enzyme preservation in experimental animals was achieved by perfusionfixation. Under surgical anesthesia with 180 mg/kg ketamin HCI, the thorax was opened and the descending aorta was cannulated in a retrograde manner with a 22-gauge polyvinyl catheter. At a perfusion pressure of 120 mmHg. the coronary system was flushed with 0.9% NaCl for 1-2 min. The vena mesenterica superior was opened to serve as an outlet. Perfusion was continued for 10 min with 2 % paraformaldehyde in 0.15 M phosphate buffer (PB). After excision of the heart, 0.8-mm slices through the left ventricle were cut and were washed overnight in 0.15 M PB containing 6.8% sucrose. After dehydration in cold acetone for 60 min. tissue slices were immersed for 8-10 hr in Technovit 8100 infiltration solution (Heraeus Kulzer; Oberwehr, Germany). Finally, the samples were embedded in t d o n molds by adding 0.75% starter to the Technovit 8100 infiltration solution. Threepm microtome sections were mounted on poly-L-lysine-coated slides.
Enzyme histochemistry was carried out according to Burstone (16) . Briefly, sections were immersed for 1-3 hr in the dark in 0.2 M Eis buffer, pH 8.9, containing 25 FM naphthol AS-MX phosphate as substrate and Fast Blue BB as chromogen. To test the specificity of enzyme reaction, 0.5 mM levamisole, 1 mM phenylalanine, or 0.5 mM AMP-CP was added to the incubation solution. In a competitive enzyme-inhibiting experiment, increasing concentrations of P-glycerophosphate (1 mM-16 mM) were added to the incubation solution, resulting in decreasing Fast Blue BB staining intensity. To quantitate enzyme reaction intensity, the average optical density of capillaries was determined by measuring light extinction at a magnification on the computer screen of x 5000, using a computer-assisted image analysis system (Samba; Alcatel-Titn, Grenoble, France). The average d u e from 25 randomly selected capillaries per P-glycerophosphate concentration and species, i.e., strain, was calculated.
For immunoldization of AP, a polydonal rabbit antibody raised against rat liver AP (11) was used. For reduction of background reaction, sections were first incubated with goat normal serum at 120, followed by the primary antibody diluted 1:400 for 2 hr at 37'C. After blocking of endogenous peroxidase activity with 0.06% Hz02 in PBS. biotinylated goat antirabbit and ABC complex were applied for 30 min each (Vector Elite ABC Kit; Burlingame, CA). Antibody-binding sites were finally made visible with diaminobenzidinelH2Oz. Control experiments included omission of the primary antibody and incubation with an irrelevant rabbit polyclonal primary antibody (i.e., anti-human von Willebrand antigen in rodents).
Electron Microscopy
Pilot experiments showed that optimal tissue preparation and embedding for enzyme cytochemistry and immunocytochemistry were different. Enzyme reaction appeared to be disturbed by any embedding procedure suitable for EM and was therefore carried out by a pre-embedding technique. Immunoreactivity, on the other hand, was most satisfactory when carried out on methylmethacrylate-embedded ultra-thin sections.
Enzyme Cytochemistry. The heart was pre-perfused with Ringer solution completed with 2500 IE heparin followed by 4% paraformaldehyde in 0.1 M Michaelis buffer, as described above. After excision of l-2-mm3 blocks, the blocks were washed in Michaelis buffer for 1-2 hr before 70-pm vibratome sections were cut. Incubation took place at 37'C for 1 hr in veronal buffer containing 120 mM veronal, 15 mM trisodium citrate, 1.4 mM sodium glycerophosphate as substrate and 1.4 mM lead nitrate as capturing agent for the released phosphate. The pH was adjusted to 9. After washing in buffer, samples were post-fixed in 2 % 0~0 4 , washed, and dehydrated in a series of graded ethanol concentrations (30, 50, 70, 90, and 100%. 10 min each). After infiltration in solutions of increasing concentrations of Araldite (Merck; Darmstadt, Germany) in polypropylene oxide, samples were embedded in pure epoxy and polymerized at 70'c. In control experiments the substrate was omitted from the incubation solution.
Immunocytochemistry. For post-embedding immunocytochemistry, methacrylate compounds polymerizing at relatively low temperatures with Wlight are superior to standard protocols with regard to antigen preservation. In a pilot study, two different compounds, K4M and HM20 (Polysciences; Eppelheim, Germany) were compared. To rule out artifacts caused by the embedding procedure, pilot studies included immunogold labeling of ultra-thin cryosections. For cryoultramicrotomy, the experimental protocol described by Leunissen et al. (17) was followed, except that a lower temperature of -100 to -1lO'C for cutting sections yielded better results in our hands.
Tissue fixation was achieved with freshly depolymerized 4% paraformaldehyde and 0.01% glutaraldehyde in Michaelis buffer, pH 7.4. After fixation and washing in buffer, small samples of <1 mm3 were dehydrated in 50, 70, 90, and 100% dimethylformamide (DMF), 10 min each at room temperature (RT). Infiltration took place at RT in increasing concentrations of HM20 in DMF (1:2, 1:1, 2:1 and pure HM20 for 10, 20, 20, and 60 min, respectively). For polymerization, samples were transferred into plastic (Beem) capsules and were exposed in a reflecting metal box to 360-nm wavelength w light for 24 hr at -30'C for 24 hr and for another 48 hr at RT. Embedding in K4M was carried out as recommended by the manufacturer. Ultrathin sections were cut on a LKB Ultratome Nova with a diamond knife. Sections were collected on formvar-coated nickel grids and air-dried. For immunocytochemistry, grids were placed on drops of medium with the section side facing down. After 10-min incubation on PBS, blocking of unspecific background was achieved by incubation in 50 mM Na2HP04, 15 mM NaCl containing 0.5% Tween-20, 0.5% fish gelantin, 2.5% ovalbumin, and 2.5% normal goat serum, pH 7, for 30 min at RT. The same protein solution was used for dilution of anti-AP antibody 1:lOOO. Incubation with the primary antibody was carried out at 4'C in a moist chamber for ~1 2 hr. After washing in buffer, sections were incubated with the protein A-gold solution 120 in buffer with 0.02% Carbowax 200 for 1 hr at RT Grids were then flushed extensively, in buffer and PBS, post-fixed in 4% glutaraldehyde in PBS for 20 min, and washed in Millipore-filtered water. They were contrasted in 2% os04 (20 min), washed in PBS and water, and stained with 4% uranyl acetate, washed, and dried. Controls were incubation without primary antibody or with irrelevant primary antibody. EM was carried out with a Zeiss EM 110. Photographs were taken at a magnification of x 9740 or x 18,700 and photoprints were further enlarged to x 27,300 and x 52,400 respectively.
Quantitative Analysis
From each heart two tissue blocks were cut and four sections per block were evaluated. Per block, 5-10 photographs were taken at a magnification of x 27,300 and x 52.400. For quantitative analysis of immunogold labeling, particle density over the vascular lumen was taken as background labeling. In each microphotograph the number of gold particles per pm2 section area of each compartment of interest, i.e., endothelial cells, pericytes, and myocytes, was determined. From all photographs from one animal or biopsy, average values were calculated and compared by two-sided independent t-test. Specific labeling was defined as mean particle density significantly above background labeling over capillary lumina. Evaluation of ultrastructural preparations focused on the microvascular network. Photographs for gold grain counting were not taken at random but areas including pericyte transsections were selected. The relative representation of the tissue compartments of interest in the quantitative evaluation therefore does not reflect their actual size, i.e., volume density.
Results

Light Microscopy
In all three species investigated there was an intensive enzyme reaction in microvascular endothelial cells. However, there were slight species differences in the pattern of distribution. In rats, continuous staining of the entire vessel circumference (Figure 1 ) was the predominant reaction pattern. In arterioles and smaller arteries, endothelial cells were positive and veins and venules were negative. Large arteries displayed no endothelial enzyme reaction but strong staining of adventitial structures. The pattern of distribution was identical in both strains of rat but the staining intensity was clearly stronger in Sprague-Dawley than in Wistar rats (see also Figure 4 ). Human myocardium showed a similar pattern of enzyme reaction. Capillaries and small arterioles had a strongly and continuously stained circumference. However, many small capillaries were not stained at all. There was no obvious difference in the pattern of distribution of enzyme reactivity or enzyme protein expression between the normal heart and the hearts explanted because of heart failure. Guinea pigs revealed a slightly different pattern, characterized by distinct but discontinuous staining of capillary walls (Figure 2 ). Continuous staining of the entire capillary circumference was only occasionally observed. Furthermore, arterioles and arteries showed neither positive endothelial nor adventitial staining. In all species investigated the enzyme reaction was fully inhibited by 0.5 mM levamisole, which does not affect intestinal AP, whereas it was not affected by 1 mM phenylalanine or 0.5 mM AMP-CP, which are inhibitors of placental and intestinal AP and 5'-nucleotidase, respectively (9,17). Immunohistochemistry in rats showed exactly the same pattern of distribution as described for the enzyme reaction, with positive staining of capillary and arteriolar endothelial cells and arterial adventitia. In human hearts, AP immunohistochemistry appeared to be more sensitive than enzyme histochemistry, revealing specific staining of all small capillaries (Figure 3) . In guinea pig hearts the AP protein could not be clearly labeled with antibody concentrations that had proven optimal in the other species. Specificity of staining was ascertained in control experiments, including omission of the primary antibody and incubation with an irrelevant rabbit polyclonal primary antibody (i.e., anti-human von Willebrand antigen in rodents).
Inhibition of enzyme staining reaction with increasing concentrations of P-glycerophosphate gave similar logarithmic competition curves in all species and strains (Figure 4) . Sprague-Dawley rat capillaries showed distinctly stronger staining intensity at all &glycerophosphate concentrations. This was followed by Wistar rats, whereas no significant difference between the average staining intensity in guinea pig and human hearts emerged. However, the discontinuity of staining in guinea pig endothelial cells was not taken into account. The plotted values represent the average staining intensity of the entire capillary circumference.
Electron Microscopy
Enzyme Cytochemistry. In vibratome sections <60 pm thick, tissue preservation was not satisfactory owing to mechanical tissue injury. On the other hand, thicker sections with much better ultrastructure were not completely penetrated by the enzyme substrate. Analysis was therefore restricted to superficial tangenrial sections showing good staining and a well-preserved ultrastructure. No lead precipitates formed in the absence of substrate.
In both strains of rat, lead precipitates were found over the luminal and abluminal plasma membranes and in cytotic vesicles and pits of endothelial cells. Endothelial cell gap junctions were not labeled. In agreement with LM observations, endothelial reaction was more pronounced in Sprague-Dawley than in Wistar rats, showing a continuous dense labeling not only of the abluminal but also of the luminal plasma membrane (Figure 5) . Guinea pig myocardium showed a distribution of lead precipitates slightly different from rats: pericytes were more intensively labeled, whereas endothelial cells showed intensive labeling only in the neighborhood of pericytes (Fig. 6 ). The discontinuous strong reaction observed in LM studies of guinea pig heart can therefore be attributed to enzyme reactivity in pericytes and in the bordering areas of endothelial cells.
In human samples, small capillaries were often negative, as observed in LM. In positively labeled capillaries, enzyme reaction products were found along the luminal and abluminal plasma membrane of endothelial cells and in pinocytotic vesicles, whereas pericytes were often unlabeled (Figure 7) .
Immunocytochemistry. In pilot studies, immunolabeling of cryoultramicrotomy sections and of K4M-and HM2O-embedded samples gave significant staining of endothelial cells. All three techniques gave a satisfactory resolution of specific over background reaction (Figure 9 ). The HM20 post-embedding technique was the least costly and time consuming and was therefore preferred in the following experiments.
In general, immunolabeling was more homogeneously distributed within the examined material than enzyme reactivity. In a double-labeling experiment combining pre-embedding enzyme cytochemistry with post-embedding immunocytochemistry, immunogold particles were usually found close to lead precipitates. However, the gold particles were too sparse for unambiguous visual interpretation (Figure 8 ). Omission of relevant primary antibody gave no labeling above background of endothelial cells. Gold grain density over capillary lumina was used as a measure of background labeling. Quantitative evaluation of gold particle density revealed a very significant non-random distribution of labeling in all preparations, i.e., species investigated ( Figure 10) . In rat and human hearts, endothelial cells showed by far the most intense labeling, but pericytes and cardiomyocytes also revealed a significant reaction above background. In rats, pericyte labeling appeared to be higher than myocyte labeling, whereas in human hearts, mean values suggest the opposite relationship. However, only in two out of three human hearts and two out of seven rat hearts did a comparison of myocytes and pericytes attain statistically significant differences @<0.05). Labeling of cardiomyocytes was much more pronounced in human hearts than in rodents. However, cardiomyocyte morphology was highly abnormal, which was probably due both to the time delay of 1-2 hr between heart explantation and fixation and to the underlying heart disease. Therefore, antibody binding to human cardiomyocytes probably does not reflect normal conditions. Since the volume density, i.e., the relative section area covered by pericytes, is very small ( 1 . 7 4 1 % of the examined section area) , it was difficult to obtain a statistically meaningful number of measurements. In agreement with distribution of enzyme reactivity, guinea pig myocardium showed more intense pericyte labeling relative to endothelial cell labeling.
With regard to possible enzyme function, a more detailed analysis of AP distribution within endothelial cells was attempted. Labeling of the abluminal plasma membrane, including the basal lamina, was assessed separately (Figure 11) and was compared with labeling of luminal plasma membrane including cytotic vesicles.
Since it is often difficult to distinguish between an invagination of the luminal plasma membrane and cytotic vesicles in proximity to but separate from the luminal plasma membrane, no distinction was made between these two compartments. Only Sprague-Dawley rats showed very clear polarity of endothelial cell labeling, with about 80% of AP localized along the abluminal plasma membrane. In guinea pig heart, abluminal labeling was also slightly higher, whereas in Wistar rat and human myocardium the abluminal plasma membrane accounted for less than 50% of total endothelial labeling.
Discussion
This study compared the LM and ultrastructural localization of AP reaction product and protein in rat, guinea pig, and human myocardium. Comparison of intensity and distribution of enzyme reaction showed good agreement between LM and EM observations. In all species and strains investigated, enzyme reaction product and enzyme protein were predominantly localized to endothelial plasma membrane and pinocytotic vesicles. However, there were differences in the relative distribution of enzyme between endothelial cells and pericytes, and between luminal and abluminal plasma membrane. In human and rat myocardium AP activity was also observed in the arterial adventitia.
Several hypotheses regarding the physiological role of AP have been formulated and will be briefly discussed in the light of our own anatomic results.
AP activity was found in capillary endothelial cells in various organs, such as brain (18), lymph nodes (9), and skeletal muscle (19). whereas liver sinusoidal endothelial cells (9) appeared negative. In brain, developmental studies (20) and observations in experimental allergic encephalomyelitis (21) suggest a correlation of AP reactivity on the luminal surface of endothelial cells with function of the blood-brain barrier. These findings suggest a transendothelial porter function of AP. This is supported by its abundance in epithelial cells specialized in transport, such as kidney tubule brush border cells or duodenal villi. Localization of AP on luminal and abluminal plasma membrane and in pinocytotic vesicles of myocardial endothelial cells supports involvement in transport through cells, whereas labeling of myocardial pericytes is difficult to reconcile with this concept. AP induction by glucocorticoids in endothelial cells in vitro can be inhibited by IL-1 and is mediated by steroid receptors (22,23) . These findings point to a possible involvement of AP in anti-inflammatory responses, which is supported by observations of an inhibitory effect of AP on stimulation of platelet aggregation by thomboxane mhetics (24). Although there is limited in vivo evidence to support this hypothesis, these results suggest a physiological role of AP on endothelial cell luminal surfaces as inhibitor of platelet aggregation. However, AP detection along the abluminal endothelial plasma membrane and in pericytes can hardly be reconciled with an anti-coagulant effect as its principal enzyme function in the heart.
Cardiac AP is inducible by experimentally administered catecholamines (25) and by increased endogenous catecholamine associated with hypertensive disease in DOCA (26) or spontaneously hypertensive rats (27,28). On the other hand, radiation-induced cardiomyopathy is associated with reduced myocardial catecholamine production and loss of AP activity (14,29,30) . In vitro studies using cells transfected either with the C-subunit of proteinkinase A or with a mutant regulatory subunit of the proteinkinase A gene suggest that proteinkinase A activation is a crucial event in induction of fully glycosylated, stable and functional AP by catecholamines or cAMP (31,32). These findings do not implicitly indicate a possible physiological role of AP in the myocardium, but the close control of enzyme expression via cAMP and proteinkinase A suggests that the enzyme is involved in one of the major regulatory pathways governing myocardial function.
Although in the present study capillary endothelial cells in normal rat myocardium were AP-positive, myocardial endothelial cells appear to lose their AP activity in vitro (33). After local heart irradiation in rats, a focal loss of AP activity is observed and is associated with regionally increased endothelial cell proliferation (34). Similar observations were made in tumor capillary endothelial cells, which actively proliferate in response to tumor derived growth factors (35) and show reduced AP activity in comparison with adjacent normal tissue vessels (36). These observations indicate that AP phosphatase is abundant in resting endothelial cell populations and is reduced in proliferating endothelial cells. One possible explanation of this phenomenon can be derived from biochemical experiments indicating an involvement of AP in growth factor signal transduction. Bovine liver AP selectively dephosphorylates proteins containing phosphotyrosine with a pH optimum in the physiological range of pH 7-8 (37). Testing of a range of peptides and proteins phosphorylated on tyrosine residues by EGF kinase showed that, in vitro, cytosolic protein phosphotyrosine phosphatases and AP reveal distinctly different substrate specificities (38). In liver plasma membrane preparations, membrane protein phosphatase activitywas attributed to membrane-bound AP (39). Although these studies implicated a wide range of phosphoproteins as enzyme substrates, detailed electrophoretic analysis suggested one particular membrane-bound 18 KD phosphoprotein as substrate for AP (40). Although the nature of possible substrates remains to be clarified, there appears to be good evidence that AP functions as a physiological antagonist of tyrosinkbase in regulating the degree of phosphorylation of plasma membrane associated proteins, i.e., of growth factor receptors. Involvement of AP in phosphotyrosine metabolism and signal transduction is compatible with localization of the enzyme on luminal and abluminal plasma membrane as described in here, since receptor ligands can be both blood-bome and secreted by parenchymal cells.
The comparison of rodent and human myocardium is of importance to verify the clinical relevance of experimental findings. Although it was not possible to study normal human myocardium extensively, a similar pattem of disuibution of enzyme reaction product and protein in Wistar rat and human myocardium suggests that AP plays a similar role in rat and in human myocardial metabolism.
In comparison with Wistar rats, Sprague-Dawley rats show a clear polarity of endothelial cell AP, with much stronger enzyme reaction along the abluminal plasma membrane. Quantitative analysis of gold-labeled antibody confirmed this distribution pattern of the AP enzyme reaction. In radiation experiments, Sprague-Dawley rats were consistently more resistant to local heart irradiation than Wistar rats (41,42) . Since no other anatomic or physiological strain difference was found that could possibly account for this, a protective effect can be attributed to the abundance of AP in Sprague-Dawley rats. A better understanding of the mechanisms leading from radiation-induced AP loss to myocardial degeneration will not only provide further insight into the role of myocardial alkaline phosphatase in the myocardial metabolism but may also contribute to the understanding of other cardiovaxular diseases.
